of surface CO 2 flux are typically based on the "closedchamber method" whereby surface flux is determined
and impact on soil surface boundary conditions that soil-atmosphere boundary conditions due to variations in air pressures within the chamber (Lund et al., 1999) and perturbation of natural conditions on the soil sur-I t has been estimated that globally, soil contains apface (e.g., gas concentration gradients, precipitation, proximately 2.6 ϫ 10 29 prokaryotic cells (compared radiation). In recent years, researchers developed autowith 1.2 ϫ 10 29 in the open ocean water and sediments), mated surface chamber measurements capable of capconcentrated in a relatively small volume on the earth turing short-term changes in soil respiration. Such sysskin (soil volume 1.2 ϫ 10 14 m 3 vs. 10 20 m 3 for open ocean), tems were developed for customized experiments (Ambus making the unsaturated zone the richest compartment and Robertson, 1998; Liang et al., 2003) or by specialized of prokaryotic life on Earth (Whitman et al., 1998) . This companies (i.e., LiCor 8500 system). However, these abundance of microbial life combined with all higher quasi-continuous systems are still limited to surface CO 2 plants, makes soil the major component in the ecosysfluxes lacking details regarding subsurface CO 2 dynamtem carbon balance, with a carbon stock of 2 Terra-tons ics. The urgent need for continuous determination of (Grace, 2001) .
soil CO 2 flux and associated concentration profiles for The primary methods for gaseous measurements within extended periods is widely recognized as a key to relithe soil include soil air sampling at different depths (Buyaable integration of total CO 2 exchange between soil and nowski and Wagner, 1983) and laboratory analysis of the atmosphere (Parkin and Kaspar, 2004) . soil core samples (Cortassa et al., 2001 ). Measurements
The gradient-based approach demonstrating the feasibility of gaseous flux estimations from in situ CO 2 and O 2 concentrations and water content measurements was V.E. Turcu, S.B. Jones, Department of Plants, Soils, and Biometeorology, Utah State University, Logan, UT 84322; D. Or, Department described previously (Mitchell et al., 1999; Jones et al., The objectives of this study were (i) to introduce and soils, pressure gradients are negligible means of gaseous transport (Glinski and Stepniewski, 1985; Hillel, 1998 where J is the flux of gas species, D s ϭ D s (φ,) is the measurements. Additionally, the method is capable of soil gas diffusion coefficient that varies with soil porosity capturing and estimating near-surface CO 2 and O 2 fluxes φ and volumetric water content , C is the gas concentrawithout altering soil surface conditions, when measured tion, and z is depth. For flux determination, the gradient concentration gradients are coupled with information is approximated by discrete differences ⌬C and ⌬z. regarding soil diffusivity. The work presented here highlights the advantage of this continuous method for sur-
Soil Gaseous Diffusion Coefficient
face CO 2 and O 2 flux estimation and discusses the drawFor a dry porous medium, the gaseous diffusion coefbacks and uncertainties in the methodology. ficient is often expressed as a function of the porosity Imposing a constant CO 2 concentration gradient at of the medium, such as in the expression proposed by the two ends of an air-dry soil column, where microbial Millington (1959) 1975; Zak et al., 1999) . In addition to increasing microFor wet soils, the fraction of air-filled porosity deterbial activity, wetting processes can result in a decrease mines the soil gaseous diffusion coefficient. Many expresof soil air-filled porosity and consequently a reduction sions have been proposed to relate soil water content in the soil gaseous diffusion coefficient. Hence, increased or air content to gaseous diffusion, and a recent review CO 2 production in the subsurface may not be immediof field and laboratory determined diffusivities (Werner ately observable at the soil surface because of reduced et al., 2004) pointed to the following simple relationship gaseous diffusion. Accurate assessment of soil gas diffuproposed by Moldrup et al. (2000) as the best predictor sivity is the main drawback of using concentration gradiof gaseous diffusion coefficient as a function of air-filled ents for calculation of surface flux, especially during porosity not only for sieved and repacked soils but also transient water content conditions. The highly dynamic for in situ measurements: nature of soil water content during wetting may generate a nonuniform profile of the air-filled porosity with depth.
Therefore, estimation of soil gas diffusivity from an average air-filled porosity is not adequate. We suggest it is critical to determine air-filled porosity for each disAn important aspect associated with measurements crete soil layer, where the wettest horizontal layer, havand calculations of gaseous fluxes in field soils is the role ing the lowest air-filled porosity, dictates the limiting of spatial variations in textural properties in a soil profile gas diffusion coefficient for the whole soil profile. In the and nonuniform vertical distribution of soil water consection on theory below, we will introduce the harmonitent. Variations in these attributes, especially soil water cally averaged air-filled porosity for the soil profile. This content, which is highly variable but assumed uniform approach provides the appropriate estimation of soil horizontally, affect the calculations of an effective gasdiffusivity, yielding the best estimate of surface CO 2 flux. eous diffusion coefficient for flux estimation in a given We compared these fluxes with soil chamber-measured soil layer. The effective diffusion coefficient for a layered CO 2 fluxes at the soil surface to demonstrate the reliabilnonuniform soil profile follows a similar calculation as ity of the gradient-based approach.
for the effective hydraulic conductivity for flow perpenNext, we present basic theoretical considerations and dicular to layering based on harmonic averaging of indikey assumptions, followed by a description of the expervidual conductivities (or diffusivity) of each layer: imental setup and methodology and a discussion of measurements obtained using the gradient-based and standard soil-chamber methods.
THEORETICAL CONSIDERATIONS
where D s is the equivalent (effective) soil diffusion coefDiffusion along concentration gradients is the primary mechanism for gaseous transport in soils. In most ficient for the entire spatial domain, D sk ( k ) represents soil gaseous diffusivity for a discrete layer k of thickness ⌬z, and water content k ; n is the total number of layers within the domain (for soil porosity that varies with depth, Eq. [4]). Note that this necessitates more detailed information regarding water content vertical distribution than is provided by simple mass balance models or by vertically averaged water content measurements.
MATERIALS AND METHODS
A new generation of commercially available sensors enables simple and reliable in situ measurements of CO 2 and O 2 concentrations. For CO 2 measurements, we used Vaisala GMD20 compared with a reference signal obtained under the same diffusivity using Eq.
[4] with the resulting surface CO 2 flux deconditions of temperature and humidity, ensuring a response noted as J h . For this situation we assumed a binary gas system. independent of ambient conditions. The sensors provide a linear response within 1 min of variation in CO 2 concentration
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over a preset range (for dry soils we used a calibration span of 0-5000 L L Ϫ1 , whereas for moist soils we used 0-20 000 L For preliminary tests of the gradient method we used a dry L Ϫ1 ) with an accuracy of Ϯ30 L L Ϫ1 ϩ2% of reading. The soil column uniformly packed with Kidman soil (coarse-silty, choice of sensor calibration was guided by the depth of sensor carbonatic, mesic Typic Haploxeroll). The bottom boundary installation and expected moisture content. A stable 24-V of the column was maintained using a constant, low pressure power supply is required by the sensors that output an analog (Ͻ10 Pa) flow rate of calibration-grade CO 2 exiting through voltage or current. The sensor's relatively small dimensions a large diameter (2.5 cm) outlet tube. The exhaust tube exited (length ϭ 140 mm; diameter ϭ 15 mm) facilitates simple dethe room to avoid buildup of CO 2 in the laboratory. The fixed ployment within a soil profile. Oxygen concentrations were CO 2 concentration gradient resulted in steady-state flux through measured using galvanic cell sensors KE-25 (Figaro Inc., Glenthe soil column. The experimental setup is depicted in Fig. 2 , view, IL). These low cost, long-life (≈5 yr) sensors require no where the horizontal placement of two CO 2 sensors inside the power input and provide a rapid (≈12 s) and linear analog sand column is shown at 9 and 24.5 cm below the surface, response to variations in oxygen concentration. Independent respectively. Measurements were made for two different CO 2 measurements of soil surface CO 2 fluxes were obtained using concentrations at the bottom of the soil column, each leading a standard Li6400 portable soil chamber (Li-Cor Inc.). A PVC to different concentration profiles in the column and different collar installed directly above the subsurface sensors in the CO 2 flux at the surface (Table 1) . For each case, the surface soil surface provided physical support of the soil chamber CO 2 flux was estimated based on the concentration gradient during measurements. Soil water content was determined with and diffusion coefficient in dry sand and was periodically and a CS-615 reflectometer (Campbell Scientific, Logan, UT), independently measured using the soil chamber. To minimize which averaged water content over the length of the 30-cm perturbation at the surface of the soil column, we installed rods. The sensor was calibrated using gravimetric water conthe soil chamber for only short measurement periods lasting tent measurements in the Millville silt loam soil (coarse-silty, Ͻ5 min. Gas diffusion coefficients were determined based on carbonatic, mesic Typic Haploxeroll).
soil porosity using Eq.
[2] and [3] and assuming that water We compared two methods for estimating soil gas diffusivity content was negligible in the air-dried soil. for the 0-to 8-cm soil layer. First, using Eq. with the concentration in the soil chamber during these initial measurements. The CO 2 concentration at depth z, C z , was obtained via direct measurement with the sensors described soil. A 25-cm-diameter PVC pipe was placed on the soil surpreviously. For this study, all the surface flux data presented face, and the soil was carefully excavated from the circular were obtained by calculating the concentration gradient bearea delimited by the inner edge of the pipe, leaving the surtween the surface and a depth of 8 cm. The information from rounding soil with minimal disturbance. The pipe was driven sensors at deeper depths was used to observe subsurface CO 2 gradually into the soil during excavation until it reached the concentration dynamics. When concentrations lower in the desired depth of 30 cm. A plastic disc was then placed at profile fall below near-surface peak measurement, downward the bottom of the cavity and sealed with silicone. A 2.5-cmflux of CO 2 is likely to occur. diameter auger was used to bore a horizontal sensor cavity
We used the numerical simulation model Hydrus-2D (Simuinto the soil through the predrilled holes in the large PVC nek et al., 1999) to determine vertical and temporal water pipe wall where sensors were installed (Fig. 3) . In 2001, for content distributions, subject to known water flux input at the experiments with two sets of sensors (11 d), these were insurface and predefined soil hydraulic properties given in Mmostalled at depths of 8 and 22 cm. In 2002 (7 d), we used three lawa and Or (2003) . The simulation domain was considered sets of sensors installed at 4, 8, and 22 cm. Each measurement a one-dimensional vertical soil column, of 70-cm depth, with depth was instrumented with a pair of CO 2 and O 2 sensors. uniform soil characteristics, and with the observation nodes The sensors were mounted end to end inside of a PVC tube for simulation outputs at 1, 3, 5, …, 19 cm below the soil (2.5 cm in diameter and 20 cm long) with a gap between gas surface. The lower boundary condition was set as a free drainentry ports and a series of slits in the bottom of the PVC tube age condition while the upper boundary condition for water to allow unhindered gas exchange as seen in Fig. 1 . A copperflow was specified as a variable flux condition (e.g., irrigation, constantan thermocouple was enclosed within the same head evaporation), where the flux of water was obtained from the space for soil air temperature measurement. During the experwetting record during the experiments. The entire soil surface iments, the nonvegetated soil was wetted periodically by apwas uniformly sprinkled with water using a 1-L volume. Each plying known amounts of water at the soil surface (1-2 mm wetting event recorded included the amount of water per unit per application). Sensor outputs were logged by a CSI-21x area per time of wetting providing the input surface water datalogger (Campbell Scientific) and stored as 10-min averflux information for both 2001 and 2002 experiments. ages. A collar for closed-chamber periodic measurements was installed in the soil surface directly above the gradient-based
RESULTS AND DISCUSSION
sensor bank. Surface CO 2 efflux was measured daily with the
Steady-State CO 2 Flux Measurements in Soil Columns
Imposing a constant CO 2 concentration gradient at the two ends of an air-dry soil column (where microbial activity was assumed negligible) should produce a linear gradient CO 2 concentration within the profile as confirmed by the results in Fig. 4 . The gradient-based flux estimates were in good agreement with soil chamber measurements obtained at the soil surface (Table 1) . These simple tests in a dry soil (uniform diffusion coefficient) with negligible CO 2 production demonstrate the gradient-based method's ability to provide estimates of gaseous flux based on soil CO 2 concentration measurements and known concentrations within the soil profile. periments, CO 2 and O 2 concentrations in air-dried and CO 2 concentrations in the wet soil profile were similar at the 4-and 8-cm depths, resulting in only a small CO 2 concentration gradient between these two depths. This suggests the possibility of a broad layer of maximum CO 2 production located within and perhaps surrounding the 4-to 8-cm depth. More detailed insight into this "active" zone would require a concentrated sensor array to better characterize the shape of the concentration profile and the resulting gradients driving diffusion both upward and downward.
Dynamic CO 2 Flux Measurements

Effects of Variations in Water Content on Soil Gaseous Diffusion Coefficient
Water was applied on the soil surface in pulses as shown in Fig. 6a (for 2001) and 6b (for 2002) . The amounts and application times were used as inputs for detailed simulations of water content distribution in the profile using the Hydrus-2D model. Simulated water content is presented in Fig. 6a and 6b for layers at depths of 0 to 2, 6 to 8, and 18 to 20 cm. Measured (average) soil water content is also shown for the 0-to 15-cm profile for com- increase in (simulated) surface layer water content followed by internal drainage into deeper layers. Vertically repacked Millville silt loam soil remained near atmoaveraged water content measurements tend to smear spheric values 1 wk before the first wetting event. Conthe sharp increase in near-surface water content that sistent with the assumption of negligible microbial CO 2 acts as a throttle in controlling gaseous diffusion into production in dry soil, attempts to measure with the soil and out of the soil. The importance of surface wetness chamber confirmed that CO 2 efflux was below detection in controlling diffusion processes is illustrated next. limits during the same period. Upon wetting of the soil
No water was applied between Days 4 and 7 in the surface, the concentration of soil CO 2 increased rapidly 2001 experiment, allowing internal water redistribution ( Fig. 5a and 5b) whereas O 2 concentration dropped, as and a decrease in surface water content. During this time, depicted in Fig. 5c and 5d. These changes in CO 2 and O 2 a decrease in the 8-cm CO 2 concentration occurred, in concentration profiles are indicative of increased microparallel with an increase in O 2 concentration at the same bial respiration in the wet soil. The CO 2 and O 2 concendepth. These changes did not correlate with the steady tration profile became nonlinear on wetting, with the increase in temperature (the CO 2 decrease and O 2 inmeasured maximum CO 2 concentration associated with crease lasted for 2.5 d, while temperature oscillations are the lowest O 2 concentration. The increase of CO 2 and based on a daily cycle). These changes are better exdecrease of O 2 concentrations during the two experiplained by higher surface layer gas diffusivity as the ments (Fig. 5a-5d) show a time delay at the 22-cm depth.
water evaporated and drained to deeper layers. Increased This resulted from the retarded arrival of the wetting surface diffusivity allows a larger gas flux across the soilfront that creates a large difference in soil water content atmosphere interface, reducing the "stored" CO 2 from from top to bottom. This creates a discrepancy in CO 2 microbial production and increasing the supply of oxygen measured concentration at different depths. In the 2001 in the soil air (aeration). When wetting applications were experiment, CO 2 concentration at the 8-cm depth exresumed, a sharp decrease in surface gas diffusivity was ceeded 9000 L L Ϫ1 , compared with normal atmospheric followed by a buildup of soil CO 2 concentration and a concentrations of ≈380 L L
Ϫ1
. The oxygen in the same decrease of O 2 . A similar situation can be observed in soil layer was depleted to ≈180 mL L Ϫ1 from its initial the 2002 data, between Days 3 and 4 of the experiment, (atmospheric) value of 209 mL L Ϫ1 . These values indiwhen no water was applied for more than 24 h. cate the presence of a strong concentration gradient Surface CO 2 flux, J av , was obtained using the average from the 8-cm layer toward the surface with upward soil profile water content and is depicted in Fig. 6e and 6f flux of CO 2 and downward O 2 flux. Interestingly, sensors (dashed line). The correlation between J av and the soil at 22 cm below the soil surface show lower CO 2 concenchamber measured surface fluxes (circles) was poor, where trations and higher O 2 concentrations than the 8-cm J av was about three times higher than the total CO 2 fluxes measurements, indicating the majority of microbial acmeasured with the soil chamber. This flux discrepancy is tivity (CO 2 source and O 2 sink) occurred between the much larger than errors associated with the soil-chamber surface and the 22-cm depth. The resulting CO 2 fluxes measurements. We reevaluated the possibility that soil were driven both downward and upward from this "optigaseous diffusivity was overestimated using the average mal" layer (e.g., wetter and warmer), with O 2 being con-"bulk" air-filled porosity in calculations, disregarding spasumed from both directions. With the addition of a sensor at 4 cm in the 2002 experiment, we observed that tial distribution of water in the soil profile. Gas diffusiv- ity is controlled by the wettest soil layer, suggesting that ods. Integration of J h , which captured the sudden reductions in flux following each surface wetting event, harmonic averaging for diffusivity values would be required (Eq. [4]). Harmonically averaged diffusion coefyielded 283 mmols CO 2 m Ϫ2 . Considering the soil-chamber measurements, nearly 50% more C (411 mmols CO 2 ficients were used to recalculate the surface CO 2 flux J h shown in Fig. 6c and 6d (thin dotted line) . The harmonim Ϫ2 ) was evolved. This suggests that for cases when soil-chamber measurements are made during peak flux cally averaged flux obtained using the same diffusion model but accounting for a layered water distribution periods (e.g., during high soil temperature or before irrigation) the total soil C balance may be overestimated is in better agreement with soil chamber surface CO 2 fluxes during both years of measurements where peak if additional nonpeak periodic measurements are not included. fluxes occur just before irrigation. The frequent application of water resulted in a highly dynamic soil CO 2 Near-surface oxygen flux was determined using the gradient method, based on similar principles, with data surface flux (J h ) that is not captured by the soil-chamber measurements, whereas the gradient method provides collected continuously at the 8-cm depth. Harmonically averaged air-filled porosities were used to determine the missing flux information between consecutive soilchamber measurements. For example, Fig. 6 shows the the diffusion coefficient as for CO 2 , multiplied with a factor of 1.21 to account for the difference in D a values linkage between the dynamics of soil gaseous diffusivity and surface wetting and their impact on surface CO 2 between CO 2 and O 2 . The flux of oxygen into the soil ( Fig. 6g and 6h ) was much larger than CO 2 flux out and O 2 flux. We used flux values from Fig. 6f to calculate the cumulative C evolved from the soil surface during because of a larger gradient of oxygen recorded in the same soil layer (0-8 cm). This discrepancy may be parabout 5 d via the gradient-based and soil-chamber meth- tially explained by a larger solubility of CO 2 than O 2 in the end of the 2001 experiment were omitted in this graph because of suspected equipment failure during those measoil water (≈28 times higher for CO 2 ; Paul and Clark, 1996) resulting in a smaller CO 2 concentration gradient surements. The high surface CO 2 flux measured at the beginning of the 2002 experiment (Fig. 6f) immediately (Cortassa et al., 2001) . Unfortunately, there was not an independent oxygen flux measurement available for after the initial wetting could be attributed to the effect of CO 2 desorption from soil during water intrusion. With comparison with the gradient method. Therefore, it is difficult to verify the gradient-based flux determinaa tendency for underprediction of surface chamber measured fluxes (de Jong et al., 1979) , the gradient-based tion. Nevertheless, the estimation of O 2 flux is valuable for soil-respiration studies (e.g., establishing respiratory method is in need of further study. The method offers a viable and valuable alternative to closed-chamber meaquotient).
A summary of comparisons between surface CO 2 surements by providing detailed temporal and spatial (soil profile) information on CO 2 and O 2 concentrations fluxes determined using the gradient-based method and closed-chamber measurements (Fig. 7) shows reasonable not available with surface chamber measurements. Our analysis of the gradient-based approach suggests succorrelation between the two methods. The three outlier values of CO 2 flux measured with the soil chamber at cessful application of this technique requires detailed soil profile. Consequently, information regarding soil microbial activity is not limited to CO 2 production only, since consumption of O 2 can also be observed yielding possible insights regarding soil respiration type (i.e., aerobic or anaerobic). The measurement of continuous subsurface gas concentration using this new method is a valuable tool for calibration of soil CO 2 transport and production models and for improved understanding of biogeochemical phenomenology in the soil-atmosphere continuum. Accurate estimates of soil gas diffusivity required for gas flux calculation hinge on accurate spatial measurement of soil water content within the profile. We envision that the availability of more accurate and lower cost water content sensors installed adjacent to the gas sensor array will improve the accuracy and usefulness of the gradient-based method. Additionally, for known surface inputs (e.g., precipitation, evaporation), modeling coupled with measurements should improve surface CO 2 flux estimates. gas diffusivity for use in surface CO 2 flux estimation. As
